Whirligig beetles (Coleoptera: Gyrinidae) are semi-aquatic insects with a morphology and propulsion system highly adapted to their life at the air -water interface. When swimming on the water surface, beetles are subject to both fluid resistance and wave resistance.
INTRODUCTION
The air-water interface is an unusual environment, and surface tension and capillarity phenomena are very important for the small animals inhabiting this environment, such as insects, spiders and gastropods (Bush & Hu 2006; Lee et al. 2008) . Many of the arthropods living in this environment walk on the water surface and have specially adapted integuments, allowing them to be supported by the surface tension . Whirligig beetles (Coleoptera: Gyrinidae) are among the insects living on the water surface and are unusual in that they have their bodies partly immersed in the water (figure 1a). This feature poses specific problems and has resulted in the evolution of specific morphological adaptations. As in most aquatic beetles, the body shape of these beetles minimizes resistance when they are swimming (Nachtigall 1974 (Nachtigall , 1981 . Whirligig beetles also display a more specific modification of the eye, making it possible to see both in the air above and in the water below. Each of their compound eyes is divided into two parts, one below and the other above the water line (Hatch 1927) . The middle and hind legs of whirligig beetles have also evolved into swimming blades used for propulsion (figure 1b). Nachtigall (1961 Nachtigall ( , 1974 , who described in detail the rowing kinematics of these legs, indicated that during the power phase (i.e. backward movement), the legs are spread out under pressure and have a contact area 40 times greater than that during the recovery phase (i.e. forward movement). He found that 84 per cent of the energy that Gyrinus substriatus Steph. devotes to swimming is transformed into thrust. This efficiency is the highest ever measured for a thrust apparatus in the animal kingdom on the basis of resistance principles (Nachtigall 1961) . The hind legs of G. substriatus can move at a rate of 60 strokes s 21 , whereas the middle legs move at half this frequency (Nachtigall 1961) . When the beetle is swimming in a straight line, the left and right legs act simultaneously but, during turning manoeuvres, the legs paddle in an asymmetric manner (Fish & Nicastro 2003) .
The partial immersion of their bodies in the water results in whirligig beetles being subject to two resistance forces when moving on the water surface. The first force is the fluid resistance, resulting from the energy transmitted to the water by pressure drag, friction and the formation of vortices (Ziegler 1998) . The second force is the wave resistance, which is associated with the energy transmitted to the surface waves (Lighthill 1978 ). These resistance forces can limit the displacement of aquatic or semi-aquatic arthropods, but many of these insects also use fluid or wave resistance to drive propulsion (Nachtigall 1974; Suter et al. 1997; Hu et al. 2003; Buhler 2007) . The relative importance of the two resistance forces is unknown for situations in which these forces oppose the movement of the insect. However, Buhler (2007) indicated that, for water striders (Hemiptera: Gerridae), when both forces contribute to propulsion, fluid and wave drag create two-thirds and one-third of the horizontal momentum transfer, respectively. *Author for correspondence ( jonathan.voise@etu.univ-tours.fr).
Whirligig beetles are very sensitive to the propagation of waves on the water surface and can detect waves with an amplitude of a few micrometers with their antennae (Rudolph 1967) . The antenna is formed by a floating haired pedicellus moving with the surface waves, topped by a flagellum amplifying the movement. This, in turn, excites the organ of Johnston within the pedicellus (Eggers 1926 (Eggers , 1927 Wilde 1941) . Whirligig beetles seem to use surface waves for detecting predators and prey (Rudolph 1967; Kolmes 1983) , chasing behaviour (Bendele 1986 ) and precopulatory behaviour (Kolmes 1985) . They produce surface waves of both the capillarity and gravity-induced types, with a circular or V shape (Tucker 1969) . It has been suggested that whirligig beetles may use the echo of their own waves to detect objects on the surface or to avoid obstacles, such as the walls of an aquarium (Eggers 1927; Wilde 1941; Tucker 1969) . The presence of an active echolocation system in these insects remains unproven, but it is clear that surface waves play an important role in the orientation of these insects.
Whirligig beetles were so named due to the characteristic circling trajectories they trace on the surface of the water. The geometry of beetle trajectories on the water surface has been studied on several occasions (e.g. Reinig & Uhlemann 1973; Bendele 1986; Winkelman & Vinyard 1991) , but surprisingly little is known about the speed at which these beetles move. Speed is an important parameter determining the amplitude of the resistance forces and the shape of surface waves produced (Tucker 1969) . Most of the reported data for speed have concerned only maximum speed, which varies from 53 to 144 cm s 21 (Tucker 1969; Vulinec 1987) . The only comprehensive speed patterns reported to date relate to chasing behaviour and were provided by Bendele (1986) . They show the beetle's speed to be irregular, with strong acceleration and deceleration.
The aim of this study was to analyse the swimming speed of whirligig beetles on the water surface in a simple environment. We analysed leg kinematics, quantified speed dynamics for relatively long periods, and characterized the different kinds of capillarity waves produced. We also quantified fluid and wave resistances. We are ultimately interested in the relationship between speed patterns and wave production. A classification based on leg kinematics helped to order the vast array of patterns observed.
MATERIAL AND METHODS

Beetles
Whirligig beetles of the species G. substriatus were collected from a small river and a pond in Indre-et-Loire, France. They were kept in 10 l aquariums, in groups of 8 -10, and were fed daily with Drosophila. Aquariums were filled with tap water, which was changed weekly.
Video recording
For studies of leg kinematics and speed, beetles were placed individually in a white plastic tank 0.9 m in diameter and 0.6 m high, filled with tap water. A water depth of 10 cm is sufficient for deep water condition for capillarity waves (Dean & Dalrymple 1991) .
Whirligig beetles were filmed with a Fastec Imaging TroubleShooter high-speed camera equipped with a Computar zoom lens (18-108/2.5). Video resolution was 640 Â 480 pixels. Light was provided by four 500 W projectors. The camera and lights were fixed on a 1 Â 1 Â 2 m aluminum structure placed above the tank. The lights were at a height of 1 m and the camera was at a height of 1.2 m or 2 m.
Two kinds of video sequence were recorded. The first type of sequence was used to analyse leg kinematics. 1961) . Each position of the leg is separated by 2 ms. In (4), the position of tarsi is that produced by type III leg kinematics; for type II leg kinematics, the tibia and tarsi stay in the same axis. Three-dimensional arrows indicate the rotation of the leg during the stroke.
The camera was positioned 1.2 m above the plastic tank and the focal length of the zoom lens was set to the minimum value to obtain the best possible resolution of the beetle's legs. All four projectors were switched on. Video sequences were recorded at a speed of 1000 frames s 21 for the precise analysis of leg strokes. The purpose of the second kind of video sequence was to record trajectories and the speed of whole beetles in a simple environment. A large visual field was necessary, so the camera was fixed at a height of 2 m, on top of the aluminum structure. Videos were recorded at a rate of 50 frames s 21 and the focal length of the zoom lens was set at its maximum value. Only two projectors on opposite sides of the tank were switched on.
The camera was focused on a dead beetle, and a floating ruler was used for scale. The water was maintained at ambient temperature (approx. 208C). We avoided leaving the lights on for too long, to prevent large increases in the temperature of the water in the tank. The water was kept as clean as possible and floating dust was regularly removed. For some recordings, a visual stimulus (the experimentator's hand) was applied at the start.
Analysis of leg kinematics
More than 80 video sequences of 12 beetles were recorded for the analysis of leg kinematics. This analysis focused on the succession of strokes carried out by the middle and hind legs. Forelegs (figure 1b) were not considered in our study as they are used only for capturing prey, walking or holding on to the substrate, and are folded under the body during swimming. Leg movements were easily discernable on video sequences despite the presence of waves produced by the insect, as major surface deformations occurred mostly in front of or behind the beetle's body, whereas the legs moved at the side of the body. The spatial resolution of the legs (8 -9 pixels for hind legs and 5 -6 pixels for middle legs) was sufficient for precise determination of the time point at which they started moving backward and to measure the angle they formed with the body.
The stroke pattern-the simplest succession of middle and hind leg strokes repeating itself over time-was used to differentiate different types of leg kinematics. For each type, we analysed 10 video sequences from five individuals (two videos per beetle). When more than two video sequences were recorded for each type of leg kinematics for a given individual, we selected the two sequences for which a maximum number of stroke patterns could be analysed.
Recorded sequences were analysed frame by frame. For each frame, the positions of the labium end and pygidium end were recorded with ImageJ (http://rsb.info. nih.gov/ij/). These two points were used to calculate the coordinates of the centre of the body and to measure the speed of the beetle (figure 1c). Whole body speed was measured with subsampling at 250 frames s 21 from the sequences recorded at 1000 frames s
21
, providing a sufficiently high level of accuracy and avoiding many of the irregularities observed at higher frame rates. We also determined when the middle and hind leg strokes began. A stroke was considered to have started when the unfolded leg started to move backwards and propulsion began (figure 1d, beginning of the stroke between positions 3 and 4).
Beetle speed was not constant and the insects moved forwards through a succession of propulsion episodes. A propulsion episode, as defined by Suter et al. (1997) , consists of an increase in speed (acceleration phase) due to a stroke, followed by a decrease in speed due to resistance forces (deceleration phase). The minimum and maximum speeds of the propulsion episodes were determined graphically (figure 2). We calculated the time between two minima and converted it into a frequency, corresponding to the frequency of propulsion episodes. The time and speed between maxima and minima were used to determine acceleration. When a middle leg stroke followed a hind leg stroke during a propulsion episode, we calculated the time between the start of the two strokes.
We also measured the maximum angle between the legs and the body axis of the beetle during a stroke (figure 1c). In some cases, legs were bent during strokes, under the action of the resistance forces (figure 1d, position 4). As this deformation mostly affected the tarsi, the maximum angle of the tarsi was considered to be the maximum angle of the leg (figure 1c). The maximum angle of a stroke was calculated as the mean of the maximum angles of the left and right legs. All the analyses were carried out and the graphs plotted with MatLab 7.0.4.
Statistical analysis
The number of propulsion episodes analysed differed between video sequences. We therefore calculated the mean of each parameter for each video and the means for each type of leg kinematics from the means of the 10 video sequences. This process ensured that all video sequences and all individuals were given equal weighting. The means of the measured parameters were compared by one-way analysis of variance (ANOVA) and Tukey multiple comparison tests, using Tukey's honestly significant difference criterion.
Speed and trajectory analysis
Forty-four video sequences filmed at a rate of 50 frames s 21 were used for the analysis of whole-beetle speed. These sequences were obtained with 16 beetles, and 20 s of each video was analysed. The sequences for analysis were selected on the basis of their having the largest possible ranges of speed patterns. Trajectories were reconstructed from the displacement of the centre of the body.
Surface waves
Surface waves produced by strokes and whole-body movement were observed on the video sequences. We also photographed swimming beetles to illustrate the characteristic waves induced by each type of stroke pattern.
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Resistance forces
We studied changes in fluid resistance and wave resistance with beetle velocity. The fluid resistance (R f ) corresponds to the force transmitted to the medium (water). This force is given by
where c w is the coefficient of resistance, F the frontal area of the body in contact with the water, r the density of the medium and V the speed of the beetle (Ziegler 1998) . Fluid resistance was calculated as the ratio between the value at a given speed and the value obtained at 80 cm s
21
, which was the maximum speed measured for G. substriatus in our experiments. This non-dimensionalization process resulted in a relationship between fluid resistance and speed that was insensitive to the exact value of c w and F, assuming that these two parameters did not depend on beetle speed. It was therefore unnecessary to measure these parameters for determination of the shape of the curve of fluid resistance as a function of beetle speed.
The wave resistance (R w ), corresponding to the energy transmitted to the surface waves, was calculated for an object simulated as an external source of pressure moving in a straight line at uniform speed (Chepelianskii et al. 2008) . Wave drag is then given by
where k is the wavenumber, P ext (k) the pressure source, c(k) the wave velocity and u a Heaviside step function (see Chepelianskii et al. 2008 for more details). The pressure source was calculated as P ext (k) ¼ p 0 exp(2kb), with p 0 the total force exerted on the water surface, and b the size of the object. We calculated R w for an object of 6 mm, the mean size of G. substriatus. The value obtained for wave resistance was non-dimensioned by its maximum value.
RESULTS
Types of leg kinematics
Whirligig beetles used three different types of leg kinematics. These types-types I, II and III-differed in terms of the stroke pattern used (figure 3). Type I was the simplest, and consisted of one middle leg stroke only. The type II stroke pattern was characterized by a rapid succession of one hind leg stroke and one middle leg stroke. The type III stroke pattern was a succession of three strokes, with two hind leg strokes separated by one middle leg stroke. For types I and II, a single stroke pattern induced a single propulsion episode. For type III, a single stroke pattern generated two propulsion episodes. These episodes were induced by the succession of one hind leg stroke and one middle leg stroke, and by a single hind leg stroke only (figure 2). In the first case, the middle leg stroke occurred during the acceleration phase (figure 2, propulsion episode 1) or during the deceleration phase. If the middle leg stroke occurred during the deceleration phase, it resulted in no increase in speed (figure 2, propulsion episode 3) or a very small acceleration (figure 2, propulsion episode 5).
For propulsion episodes resulting from a hind leg stroke and a middle leg stroke, the time between the beginning of the two strokes (table 1) did not differ significantly between types II and III (ANOVA, p . 0.05).
The maximum angle of the hind legs differed significantly between types II and III (ANOVA, p , 0.001). The three different types also presented significant differences in the maximum angle of the middle legs (Tukey, p , 0.05). Typical maximum angles of the hind legs for types II and III are shown in figure 1c . The tibia and tarsi of the hind legs lay along the same axis for type II, whereas the angle of the tarsi was greater than the angle of the tibia for type III. The tibia and tarsi of the middle legs lay along the same axis for type III and the angle of the tarsi was greater than that of the tibia for the other two types ( figure 1c,d ) . The ratio between the maximum angles of the hind legs and middle legs was 0.80 for type II and 1.35 for type III.
The frequency of propulsion episodes, acceleration and whole-beetle speed for each type of leg kinematics are listed in table 1. These parameters were similar for types I and II (Tukey, p . 0.05), but were significantly different for type III (Tukey, p , 0.001). Figure 4 shows the gain of speed in an acceleration phase plotted against the speed before the acceleration phase for all the propulsion episodes analysed. For type III, no difference in gain of speed was observed between propulsion episodes produced by a single hind leg stroke or by the succession of a hind leg stroke and a middle leg stroke, so these two types of propulsion episode were grouped together. For the same starting speed before the acceleration phase, a greater increase in speed was observed for type II than for type I, and for type III than for types I and II. For all three types of leg kinematics, the gain of speed decreased with increasing speed at the beginning of the propulsion episode.
Beetle speed and trajectories
Large-scale video sequences of the speed of the beetle (i.e. at the scale of the water tank) showed four main patterns of speed (figure 5). The first corresponded to beetles swimming at a constant speed of 15 -18 cm s 21 with small variations (figure 5a,e). This pattern was generated by an uninterrupted succession of type I and/or type II stroke patterns and the maximum speed rarely exceeded 23 cm s
21
. The second speed pattern showed very large amplitude variations, with regular increases and decreases in speed and a uniform speed frequency distribution (figure 5b,f ). In this case, beetles reached speeds of up to 70 cm s
. Each large speed peak was due to one or two type III stroke patterns (see figure 2 for an example) separated by long periods with no strokes. This resulted in large deceleration phases. The third kind of pattern was a combination of the other two patterns, with speeds of 15-18 cm s 21 alternating with periods of much faster speeds (figure 5c). Consequently, the speed frequency distribution was bimodal (figure 5g). The number of large speed peaks was variable. The final speed pattern was observed following a visual stimulus that scared the beetles. The resulting speed was higher (more than 30 cm s 21 ) and irregular (figure 5d ), with a mode around 55 cm s 21 (figure 5h). It resulted from a succession of type III stroke patterns, which were more numerous and closer together than in the second speed pattern.
Finally, we observed a characteristic behaviour of whirligig beetles placed in the plastic tank. Mostly, just after being placed on the water surface, the beetles started swimming in circles a few centimetres in diameter (figure 5k, beginning of the trajectory). After several circles, the beetles began to follow an irregular trajectory. A similar behaviour was observed when the beetles rose to the surface after diving. In this case, the beetles began swimming in circles under the water. During this circling behaviour, whirligig beetles produced the first type of speed pattern (figure 5a).
Capillarity waves
Characteristic capillarity waves were observed on the water surface for all types of leg kinematics (figure 6). Types I and II produced circular waves of small amplitude, induced by the leg strokes rather than by the front of the body. Each stroke of the leg generated a semicircular wave, and the waves formed by two legs on opposite sides of the body subsequently formed a circle. As whirligig beetles used only their middle legs in type I leg kinematics, each stroke pattern produced a single train of circular waves. Before they joined up, the waves produced by the middle legs had a characteristic bean shape (figure 6a, blue).
The type II stroke pattern was generated by a hind stroke followed by a middle leg stroke. It therefore produced two successive trains of circular waves (figure 6a). The two waves produced by the hind legs joined up to form a heart-shaped wave before forming a circular wave (figure 6b). The waves generated by the middle legs were of the same shape as for type I movements. The wave patterns produced by whirligig beetles using leg kinematics types I and II were similar for beetles starting from a complete stop and for beetles that were already moving. This may have affected wave amplitude, but this parameter was not measured.
Beetles also generated circular waves with the type III stroke pattern, albeit with a greater amplitude. The hind legs produced two semicircular waves behind the body and semicircular waves were also produced in front of the body (figure 6c). The waves produced by the middle legs had a smaller amplitude and were, therefore, not always visible. Circular waves were observed only when beetles produced one or two propulsion episodes separated by long periods of deceleration. Beetles moving at high speed (i.e. at least 40 cm s 21 ) for longer periods and using type III leg kinematics generated V-shaped waves in front of their bodies (figure 6d ), but the waves generated behind the insect by its leg strokes remained semicircular.
The last kind of wave produced by whirligig beetles was of a 'spiral' shape closely resembling the Archimedean spiral (i.e. with constant distance between successive turns), as modelled and observed by Chepelianskii et al. (2008;  figure 6e ). Beetles induced this kind of wave in front of their bodies when Managing resistance forces on water J. Voise and J. Casas 347 swimming in circles of constant radius, particularly during the circling behaviour described above. Spiral waves were generated by type II and III leg kinematics. The formation of the spiral resulted from deformation of the V-shaped wave. Only one side of the V was produced and it took on a spiral shape due to the propagation of the wave while the insect was still turning and producing the wave. The distance between consecutive turns of the spiral seemed to be greater with type II than with type III leg kinematics (12-13 cm versus 7-8 cm), but too few measurements were taken for statistical analysis.
DISCUSSION
Types of leg kinematics and propulsion forces
The whirligig beetle G. substriatus uses three different types of leg kinematics when swimming on the water surface: two for swimming at low speed (types I and II) and one for swimming at high speed (type III). Bott (1928) indicated that G. substriatus uses only its middle legs when swimming slowly, with a frequency of 4 strokes s
21
. This pattern could correspond to type I, but we measured a higher stroke frequency for this type of leg kinematics (12.4 strokes s
). The leg kinematics observed by Bott may correspond to irregular stroke patterns, which were excluded in our analysis. Only the high-speed leg kinematics reported here has been described before by Nachtigall (1961 Nachtigall ( , 1974 .
The types of leg kinematics differed in terms of their stroke patterns and the maximum angle formed by the legs during these strokes. The maximum angle of the legs, reflecting the extent to which the legs were deformed by resistance forces, can be used to determine the relative importance of the propulsion forces acting on the legs during the power phase of the strokes. Higher maximum angles are associated with stronger forces. Our results for maximal angles show that the propulsion forces provided by the middle legs decrease with increasing beetle speed, whereas the propulsion forces provided by the hind legs increase. The preferential use of the hind legs for high-speed swimming appears logical, as the surface area of the hind legs of G. substriatus deployed and their maximum stroke frequency are twice those of the middle legs (Nachtigall 1961) . Our results are also consistent with the findings of Larsen (1966) , who indicated that amputation of the middle legs did not markedly affect high-speed swimming. It remains unclear why beetles do not make maximum use of both middle and hind legs. It is possible that the middle legs are used primarily to stabilize the trajectory of the beetle, as suggested by Hughes (1958) for diving beetles (Dysticus). Stabilization is particularly important in whirligig beetles, the underside of which is smooth and ridge-free. Nachtigall (1974) found that constant and rapid correction was required in Gyrinus, due to its instability. Presumably, these beetles are particularly unstable at higher speeds.
The maximum speed measured here was 80 cm s
, which seems to be intermediate between previously reported values. For the genus Gyrinus, maximum speeds of 50 cm s 21 (Bendele 1986 ) and 100 cm s 21 (Nachtigall 1974 ) have been reported, whereas maximum speeds of 50 cm s 21 (Tucker 1969; Fish & Nicastro 2003 ) and 144 cm s 21 (Vulinec 1987) have been reported for Dineutus. This last value appears to be very high and may have been overestimated.
Significance of the speed patterns
Speed pattern analysis showed that the maximum speed of G. substriatus rarely exceeded 23 cm s 21 when swimming with low-speed leg kinematics. This speed corresponds to the minimum speed of waves propagating on the water surface in laboratory conditions, and also to the minimum speed at which a steadily moving object needs to move to produce waves (Lighthill 1978) . Consequently, a beetle swimming at speeds lower than 23 cm s 21 will not create waves with its body, at least if it moves in an almost straight line at constant speed. Acceleration is inherent to a circling motion, so beetles turning in circles are not limited by a velocity threshold for surface wave production (Chepelianskii et al. 2008) , as observed in our experiments. Leg strokes always produce waves, presumably due to the unsteady movement of the legs. We hypothesize that beetles do not exceed this speed to avoid generating wave resistance. In this way, the energy invested in the strokes propelling the body forward is not lost in wave drag. This speed corresponds to , which is the minimum speed required for the generation of surface waves by the beetle's body. Panels (e -h) show the speed frequency histograms corresponding to the previous graphs. Panels (i -l ) show the trajectories of the beetle, in black for the 10 s shown in the previous graphs, and in grey for the others 10 s analysed. The start of the trajectory is indicated by the black arrow and the scale bar represents 10 cm.
the behaviour generally observed in the field and in laboratory conditions, for undisturbed beetles in groups (Brown & Hatch 1929; Heinrich & Vogt 1980; J. Voise & J. Casas 2008, personal observations) .
However, whirligig beetles need to move faster, particularly when trying to escape predators or to cover large distances. In these cases, they use high-speed leg kinematics. The approach of a visual stimulus mimicking a predator creates a fright reaction (Brown & Hatch 1929; Newhouse & Aiken 1986) . Beetles then move very fast and try to keep their speed as high as possible. In such situations, beetles produce large numbers of strokes and waste lots of energy, but this high cost is acceptable because the insect's survival is at stake.
The speed pattern characterized by a succession of large-amplitude peaks is typical of intermittent locomotion. The animal displays intermittent locomotion when the forces exerted for movement are applied discontinuously and the pauses are longer than the normal deceleration phase of a propulsion episode (Kramer & McLaughlin 2001) . There are several advantages to this type of locomotion, including greater endurance and better environment detection (e.g. Weinstein & Full 1992; Trouilloud et al. 2004 ). This speed pattern was produced by whirligig beetles moving on the water through a succession of bursts of speed. This situation is observed in the field when beetles swim in a straight line while searching for food or favourable conditions (Heinrich & Vogt 1980 ; personal observations).
Dealing with the resistance forces
The surface waves produced by the legs may be involved in beetle propulsion, as shown for water striders, which use both vortices and waves produced by the resistance forces acting on the legs for propulsion (Hu et al. 2003; Buhler 2007) . However, the combination of these resistance forces is problematic when these forces act on the beetle's body to oppose its motion. Figure 7 shows wave and fluid resistances plotted against beetle speed and the mean speed (+s.d.) generated by each type of leg kinematics. Fluid resistance increased quadratically with speed. The wave drag is null at speeds below 23 cm s
21
. However, as soon as beetles reach this speed, they come up against the maximum wave drag, which decreases with increasing speed. The wave resistance curve is characterized by the discontinuity and by the maximal value at the discontinuity. The discontinuity occurs because of the dispersive nature of surface waves. Below the critical speed (i.e. the minimal speed for surface wave production), no wake is produced and wave drag is null. The discontinuous transition predicted by Raphaël & de Gennes (1996) has been discussed in light of the conflicting experimental results obtained (Browaeys et al. 2001; Burghelea & Steinberg 2001) . Chevy & Raphaël (2003) subsequently showed that the discontinuity of the wave drag depends critically on the experimental conditions, including the position of the water line on the moving in particular. If the object moves at a constant depth, the discontinuity disappears and gives way to a smooth transition. This is not included in the model used here.
The speed at which wave resistance starts to decrease is a function of the size of the object. At a speed of 23 cm s 21 , a wake is generated and the wavelengths are comparable to the size of the beetle (6 mm). The size of the beetle is thus important, and the wave resistance therefore decreases from 23 cm s
. In other words, Figure 6 . Capillarity waves produced by the different types of leg kinematics of G. substriatus swimming on the water surface. The diagrams on the right correspond to the photographs on the left and represent the beetle (in grey) and the shape of the waves produced and visible in the photos. The waves produced by the hind leg strokes are shown in red, the waves produced by the middle leg strokes in blue and the waves produced by the beetle body in black. The blue arrow shows a middle leg, the red arrow indicates a hind leg and the black arrow shows the whole beetle. Waves produced by type I leg kinematics correspond to the blue wave shape induced by the middle leg stroke in (a). The waves shown in (a) and (b) are small circular waves produced by type II leg kinematics. Panels (c) and (d ) show characteristic waves for type III leg kinematics, with a succession of two trains of circular waves (c) and V-shape waves (d ). The spiral wave produced by type II leg kinematics is shown in (e). Only the shadows of the waves are visible on the photograph. The light was not directly above the beetle, giving the impression that the insect is not in the centre of the spiral. The grey arrow indicates the real position of the beetle relative to the waves and its direction.
there is no speed regime at which the size of the beetle can be neglected.
The relative values obtained for fluid and wave resistances show how these resistances vary as a function of the beetle speed. However, quantitative estimation of both these resistances would be interesting, as it would make it possible to estimate the total resistance. Fluid resistance can be approximated by roughly estimating c w and F in equation (2.1), assuming that they do not vary with beetle speed. We took a value of 0.3 for c w , which is intermediate between the values obtained for diving beetles Dysticus (c w ¼ 0.34) and Acilius (c w ¼ 0.23; Nachtigall 1974). We estimated F by measuring the frontal area of the part of the body in contact with the water on 10 beetles (mean: 2.24 + 0.46 mm 2 ). We determined this area as a semi-elliptic area, given by pl(L/2)/2, with l the maximum height of the lower part of the body (i.e. the maximum height of the body under the water) and L the body width, both as seen from the front. We obtained a value of 0.054 mN for a speed of 40 cm s
, and of 0.215 mN at 80 cm s
, the maximum beetle speed measured in our experiments.
It is much more difficult to estimate the magnitude of the wave resistance. Many studies have investigated the wave drag generated by large objects, such as boats, taking into account gravity waves only (Havelock 1910; Kostyukov 1968; Kelvin 1887) . Wave resistance has more recently been investigated for small objects, taking into account both capillary and gravity waves under the restrictive assumption that the object concerned does not touch the water (Raphaël & de Gennes 1996) . In this previously described model, Raphaël and de Gennes considered pressure sources much smaller than the capillary length (3 mm for the air-water interface; see notes 8 and 13 in Raphaël & de Gennes 1996) . By contrast, if the object is larger than the capillary length, as is the case for this beetle species, an approach in which every point along the object becomes a source in itself might be needed, with the additional problems of wave interference. All current models assume an absence of contact between the object and the water surface. The inclusion of a partially immerged object in the calculation of wave resistance thus remains an unresolved problem.
Nonetheless, we tried to obtain an order of magnitude for the wave resistance as follows. Let us assume that the beetle has no size but does have a weight, which we measured by taking the mean of 10 individuals (0.147 + 0.02828 mN). According to Raphaël & de Gennes (1996) , the order of magnitude of the wave resistance is then given by:
with p the pressure force exerted by the object, g the surface tension and k 21 the capillary length. The weight of the beetle was considered to correspond to the pressure force. We obtained a value for the wave resistance of 0.100 mN.
These estimates indicate that fluid and wave resistances are of the same order of magnitude. An important consequence of this is that the total resistance has a potential local maximum at the velocity for which wave resistance is maximal. For both fluid and wave resistances, we can delimit two ranges of speed at which the values obtained are at least 50 per cent lower than the maximum. These two ranges should correspond to speed regimes minimizing total resistance. The first range, corresponding to speeds below 23 cm s
, includes the mean speeds generated by low-speed leg kinematics. The other range, corresponding to speeds between 35 and 60 cm s
, includes the mean speed for high-speed leg kinematics (figure 7). The gap between low and high speeds can be accounted for by whirligig beetles avoiding maximal wave drag. These beetles significantly increase their speed to reach the upper value when swimming at the lower value, creating the large peaks observed in the speed patterns. Their maximal speed is also determined by fluid resistance. Thus, whirligig beetles swim in different ways to maintain their speed when resistance forces are weak. Figure 7 . Changes in wave resistance (in red) and fluid resistance (in blue) as a function of the speed of whirligig beetles (G. substriatus). Wave resistance is non-dimensioned by its maximum, and fluid resistance is non-dimensioned by its value at 80 cm s 21 (0.215 mN), which is the maximum speed observed in our experiments. Dashed lines represent the mean speed for the three types of leg kinematics and shaded rectangles represent the standard errors of these means. Type I (I) and type II (II) have been grouped together, because their standard deviations overlap. These two types of kinematics correspond to low-speed leg kinematics, whereas type III (III) corresponds to high-speed leg kinematics.
